ABSTRACT: High-resolution spectra of the intramolecular bending modes of deuterated water dimer, (D 2 O) 2 , have been measured using a quantum cascade laser based cavity ringdown spectrometer. Two perpendicular bands have been observed and are assigned as the K a = 1 ← 0 and K a = 2 ← 1 bands of the bending mode of the hydrogen bond donor. The tunneling splittings in the complex are well-resolved, and it is found that excitation of the donor bend has little effect on tunneling of the hydrogen bond acceptor, but causes significant perturbations on the tunneling motion which exchanges the roles of hydrogen bond donor and acceptor. The presence of this perturbation has prevented a detailed assignment of the tunneling levels in the excited state at this time. An accurate value for the band center of the donor bend is calculated to be 1182.2 cm
■ INTRODUCTION
Water is a ubiquitous molecule with unique properties that make it essential for life as we know it. Many of these unique properties arise because of the complex hydrogen bonding interactions that occur among water molecules. Because of the central importance of water in many fields, especially chemistry and biology, a large amount of research effort has been expended to create an accurate model of water, particularly in the liquid phase. 1−3 To create an accurate model of water, it is essential to understand the detailed intermolecular interactions that occur between water molecules. To study these interactions in detail, there have been extensive experimental and theoretical studies of small, gas phase water clusters. The water dimer has been of particular interest because of the importance of two-body interactions in creating accurate models of liquid water. 4, 5 The water dimer has been studied by high-resolution spectroscopy throughout the microwave, 6−13 submillimeter, 13−15 far-IR, 16−20 and mid-IR 21, 22 regions of the spectrum, in both isotopic forms, (H 2 O) 2 and (D 2 O) 2 . This work has elucidated the structure of the water dimer and the details of its complex energy level structure. This complexity arises from the fact that three major tunneling motions are present in the dimer, which causes each rotational energy level to be split into six different sublevels. The high-resolution spectroscopic work has yielded energy levels and tunneling splittings of the ground state and many of the excited intermolecular vibrational states of both (H 2 O) 2 and (D 2 O) 2 . These data have been used to develop empirical potentials for the water dimer, 2, 5, 23, 24 and more recently ab initio potentials have been calculated and compared with the experimental data. 25−29 Though the low-lying states of (H 2 O) 2 and (D 2 O) 2 have been comprehensively studied, much less work has been done on the intramolecular vibrational modes in the mid-IR, presumably because of the difficulty in obtaining light sources in this region that are suitable for high-resolution spectroscopy. High-resolution spectra of the intramolecular modes provide additional data to support theoretical work on the water dimer, including vibrational frequency shifts and tunneling barriers in the excited vibrational states. Recent potentials have been developed that attempt to include the effect of intramolecular vibrations, 29 but only some of the intramolecular vibrations have been experimentally measured at high resolution. Huang and Miller 21 measured rotationally resolved spectra of the O− H stretching bands of (H 2 O) 2 , and the equivalent O−D stretching bands of (D 2 O) 2 were later measured by Paul et al. 22 Low-resolution spectra of the bending modes of (H 2 O) 2 have also been obtained, 30 but up to this point in time, no rotationally resolved spectra of the bending modes of water dimer have been recorded.
In addition to the gas phase measurements of Paul et al., lowresolution spectra have been obtained for the bending modes of (H 2 O) 2 and (D 2 O) 2 in various matrices, including Ar, 31, 32 Kr, two distinct frequencies in the region of the bending mode of the water dimer, which correspond to the hydrogen bond donor and acceptor subunits of the complex. All of the work on these modes agrees that the bending mode of the hydrogen bond acceptor ((A) in Figure 1 ) lies lower in frequency than the bending mode of the hydrogen bond donor ((B) in Figure  1 ) by ∼10 cm −1 .
The recent development of quantum cascade lasers (QCLs) has enabled a variety of high-resolution spectroscopic studies throughout the mid-IR. In the present work, we have utilized a QCL operating near 8.5 μm to record rotationally resolved spectra of the bending mode of the hydrogen bond donor of (D 2 O) 2 . We have observed two perpendicular bands of this vibrational mode, which we have used to calculate the band center of the donor bend. We have also estimated the acceptor switching tunneling splittings for the K a = 1 and 2 levels in the excited state of the donor bend.
■ EXPERIMENTAL SECTION
High-resolution spectra of the (D 2 O) 2 bending modes were acquired using our QCL based infrared spectrometer, which has been described in detail previously. 37, 38 We will give a brief description of the instrument here, highlighting details pertinent to the present study. Infrared light is generated using a QCL which can be tuned from ∼1180−1200 cm −1 by varying the temperature and current of the laser. Light from the laser is sent to a high-finesse cavity where we perform continuous-wave (cw) cavity ringdown spectroscopy (cw-CRDS) to obtain a sensitive absorption spectrum of D 2 O clusters that are generated in a continuous supersonic expansion. The frequency of our laser is calibrated using a combination of a mid-IR wavemeter (Bristol) and a SO 2 absorption cell, using lines contained in the HITRAN database. 39 By calibrating our laser frequency with these sources, we estimate that our absolute frequency accuracy is ∼0.0005 cm −1 (15 MHz). To generate (D 2 O) 2 , we bubble either argon or helium gas through a room temperature D 2 O (Cambridge Isotope Laboratories, 99.9% D) reservoir. The gas mixture is then sent through a 150 μm × 1.2 cm slit into a vacuum chamber that is pumped by a Roots blower and rotary vane pump (Oerlikon-Leybold). For most data presented in this paper, we used a mass flow controller (MKS Instruments) after the D 2 O reservoir to provide a consistent gas flow to the slit, though some spectra were obtained without the mass flow controller. Expansions were run at backing pressures of ∼300−400 Torr for argon expansions and ∼850−950 Torr for helium expansions, as measured by a pressure gauge attached to the input line into the vacuum chamber.
For the helium expansions, a consistent decrease in the baseline was observed over the course of scanning the laser. The decrease roughly corresponded with the amount of D 2 O remaining in the bubbler. A similar baseline drift was sometimes seen when the argon expansions were measured, though it was generally a smaller effect. The line width (fwhm) of individual transitions in argon expansions is ∼15−20 MHz; in helium expansions the lines are slightly broader, with a line width of ∼35−40 MHz. In both the argon and helium spectra, strong D 2 O and HOD monomer lines are present throughout the acquired data and have been removed for clarity. In the argon expansions, strong bands of Ar−D 2 O were observed in addition to the D 2 O-only cluster lines presented in this work. Our analysis of the Ar−D 2 O bands has been published previously, 40 and a prior analysis of the strongest bands in this region is also available. 41 The lines from these bands have also been removed from the presented data for clarity.
■ ENERGY LEVEL STRUCTURE OF WATER DIMER
The spectrum of the intramolecular bending modes of (D 2 O) 2 is complicated by the fact that the water dimer has two distinct intramolecular bending modes, corresponding to bending of the hydrogen bond acceptor and donor subunits of the complex. These vibrations, as well as the principal axes of the complex, are shown in Figure 1 . As stated above, previous experimental and theoretical studies of (D 2 O) 2 have found that the donor bend ((B) in Figure 1 ) lies ∼10 cm −1 higher in energy than the acceptor bend ((A) in Figure 1 ).
The observed spectrum is further complicated by the complex tunneling motions that occur in water dimer. There are three major tunneling motions that occur in the complex. The lowest barrier tunneling motion is an interchange of the hydrogen atoms of the acceptor subunit, which is called "acceptor switching" and causes splitting of individual rotational energy levels into two sublevels. The second tunneling motion is an interchange of the acceptor and donor subunits (referred to as "interchange tunneling") and splits each of the two sublevels from the acceptor switching into four levels, with two of the states being degenerate. The final tunneling motion is an interchange of the hydrogen atoms of the donor subunit (referred to as "bifurcation tunneling"), which causes a small shift of the degenerate E levels relative to the A and B levels. The overall energy level structure for an individual rotational level is shown in Figure 2 for the K a = 0, J = 0 level of the ground vibrational state of (D 2 O) 2 . For levels with K a ≥ 1, each rotation-tunneling level is further split into two by asymmetry splitting.
A group theoretical description of water dimer was presented by Dyke 42 and gives the statistical weights and selection rules for the rotation-tunneling levels. The tunneling levels can be identified with their symmetry labels in the permutation inversion group for water dimer, which is isomorphic with the D 4h point group, as shown in Figure 2 . The spin statistical weights for the rotational-tunneling levels of (D 2 O) 2 are A 1
, and E ± (18). The selection rules for transitions between these levels are A 1
, and 
■ RESULTS
The supersonic expansion that we use to produce (D 2 O) 2 also produces a variety of other species, such as larger water clusters and clusters containing D 2 O in combination with the carrier gas. To determine which absorption features arise from wateronly clusters (i.e., (D 2 O) n ), we used both Ar and He as the carrier gas for the expansion. The absorption features we report here were present in expansions with both carrier gases, confirming that they are due to (D 2 O) n clusters. After finding the lines from water-only clusters, we have followed the approach of Cruzan et al. 43 to determine the number of D 2 O units in the cluster. This is done by recording absorption spectra of the expansion using several different mixtures of D 2 O and H 2 O. We assume that the H and D atoms in the liquid mixture rapidly equilibrate to produce a statistical mixture of D 2 O, H 2 O, and HOD. If we neglect any kinetic isotope effects for this rearrangement, the following relationship can be used to determine the cluster size:
In this equation, I is the intensity of an absorption feature for an expansion using a D 2 O/H 2 O mixture, I 0 is the intensity of the feature for an expansion of pure D 2 O, n is the cluster size (i.e., n = 2 for water dimer), and χ , which belong to the Q-branch of the K a = 2 ← 1 subband of the donor bending mode. The slope of the line in Figure 3 is 3.93 ± 0.33, which agrees with the expected value of 4 for (D 2 O) 2 .
We have observed two main bands of (D 2 O) 2 near 1187 and 1195 cm −1 , which we assign as the K a = 1 ← 0 and K a = 2 ← 1 sub-bands of the bending mode of the hydrogen bond donor. We assign these bands to the donor bend because, as noted above, previous experimental and theoretical work has shown that the donor bend lies ∼10 cm −1 higher in frequency than the acceptor bend. We have obtained spectra of Ar expansions up to ∼1204 cm −1 and have not seen any strong absorption features beyond 1200 cm −1 . There are some weak absorption features near 1203 cm −1 , but these are most likely from the K a = 3 ← 2 sub-band. In contrast, spectra of both Ar and He expansions recorded down to ∼1182 cm −1 show strong absorption features throughout the frequency region to the red of these two main bands in both carrier gases. Although we have not yet been able to definitively assign these absorption features, they may due to the acceptor bend, meaning the higher frequency features we present here must arise from the donor bend.
On the basis of the energy level structure of (D 2 O) 2 outlined in the previous section, we expect that there will be six separate tunneling sub-bands for each of the K a = 1 ← 0 and K a = 2 ← 1 sub-bands of (D 2 O) 2 . These six bands will be split into two groups of three by the acceptor switching tunneling motion of the complex, resulting in two main groups of tunneling levels. These two groups are the tunneling levels with A 1 + , E 1 + , and B 1 + symmetry (the lower three levels in Figure 2 ) and the levels with A 2 − , E 2 − , and B 2 − symmetry (the upper three levels in Figure  2 ). The acceptor switching tunneling splitting has not been directly measured, but it has been estimated to range from ∼1.2 to 1.8 cm −1 from microwave 12 and infrared 22 studies of (D 2 O) 2 . The magnitude of this splitting will lead to a clear separation of the two groups of tunneling levels in the spectrum. The three levels in each group will then be separated by the interchange tunneling splitting, which has been directly measured to be 1172 MHz (0.039 cm ) for the splitting between the A 2 − and B 2 − levels in the ground state for K a = 0. 11 Because the interchange tunneling splitting is only ∼0.04 cm −1 , the three sub-bands corresponding to the tunneling levels are closely spaced, leading to substantial overlap of the Q-branches of the tunneling sub-bands. For the K a = 2 ← 1 sub-band, the spectrum is further complicated by asymmetry splitting in the K a = 1 level in the ground state. 14 Our observed spectra for the K a = 1 ← 0 band in an Ar expansion are presented in Figure 4 . Our frequency coverage of this region with a He expansion is limited to the Q-branch region and the R(0) lines because there was a gap in the frequency coverage of our QCL when the He spectra were recorded. Spectra of both Ar and He expansions are available 2 . R(0) transitions are observed, which aids in identifying the sub-band as K a = 1 ← 0. Only a few possible P-branch transitions were observed, presumably because they were too weak due to the reduction in P-branch intensities for ΔK a = +1 bands. 44 A similar effect was observed in measurements of the hydrogen bond acceptor antisymmetric stretch of (D 2 O) 2 .
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The K a = 2 ← 1 band of (D 2 O) 2 lies near 1195.5 cm −1 and is shown in Figure 5 for an Ar expansion. The same features have also been observed using a He expansion. As can be seen in the figure, there is again a densely packed region caused by overlapping Q-branches of multiple tunneling components, with groups of R-branch lines spaced at ∼0.36 cm −1 . Because of the strength of the band, we attribute this band to the A 1 + /E 1 + / B 1 + tunneling levels. For this band, no R(0) transitions are observed, indicating that this band is K a = 2 ← 1. Again, the Pbranch transitions are expected to be weaker in this ΔK a = +1 band and are not observed in either Ar or He expansions.
The identification of these two bands as K a = 1 ← 0 and K a = 2 ← 1 bands is further confirmed by their frequency separation. For a near-prolate top such as (D 2 O) 2 , the Q-branches of adjacent sub-bands will be separated by ∼2(A′ − B′). 44 Though A′ and B′ are unknown for this band, we can assume that they will be close to their ground state values. Using the ground state values 45 of 4.17 cm −1 for A and 0.181 cm −1 for B, the expected separation between the Q-branches should be ∼8 cm −1 . If we take the center of the Q-branch regions as a rough approximation of the band center for the sub-bands we have observed, we estimate a separation of ∼8.1 cm
, which agrees well with the expected separation on the basis of the ground state constants.
We have attempted to assign the spectra using a near-prolate top energy level expression, as has been done previously for water dimer but were unable to obtain an unambiguous assignment. The many overlapping peaks in the Q-branch regions have made it difficult to use Q-branch transitions in making assignments, so our attempts have focused on the Rbranch transitions (and the P-branch transitions we observed for the K a = 1 ← 0 band). Though the groups of peaks appear at a regular 0.36 cm −1 interval, there does not appear to be the expected triplet pattern for the A 1 + /E 1 + /B 1 + tunneling levels. This is illustrated in Figure 6 , which shows close-up views of the Rbranch lines we have observed for the K a = 1 ← 0 band. A list of the frequencies of the observed transitions is provided in Table S1 in the Supporting Information. Only the R(0) lines show a possible triplet pattern that is seen in both Ar and He expansions. For the transitions with J″ > 1, more than three lines are observed, which is unexpected for the K a = 1 ← 0 band, as there should not be any asymmetry doubling, as in the K a = 2 ← 1 band. Unfortunately, we were not able to obtain data using a He expansion in this frequency region, so it is possible some of the extra lines could be attributed to some form of Ar−D 2 O cluster.
For the K a = 2 ← 1 band, we have data for both Ar and He expansions, which are shown in Figures 7 and 8 , respectively. A list of the frequencies of the observed transitions is provided in Table S2 in the Supporting Information. For this sub-band, we again expect a triplet pattern for the three tunneling levels, but each of the components of the triplet will be composed of two lines separated by asymmetry splitting, which should be the same for all tunneling levels. 14 The groups of lines in Figures 7  and 8 do not show this pattern, which again has made it difficult to obtain a detailed assignment and fit of the interchange tunneling levels. It is unclear what is causing the irregular patterns in the R-branch lines for both the K a = 1 ← 0 and K a = 2 ← 1 bands we have observed, though it must arise from the excitation of the bending vibration in the donor subunit. A Because not all spectra were acquired with the same background level due to changes in alignment of the ringdown cavity over time, the spectra were brought to the same level by subtracting the minimum point in a scan from the entire scan. The apparent gap in the Q-branches is due to a strong absorption from D 2 O monomer, which has been removed from the spectrum for clarity. Because not all spectra were acquired with the same background level due to changes in alignment of the ringdown cavity over time, the spectra were brought to the same level by subtracting the minimum point in a scan from the entire scan.
The Journal of Physical Chemistry A occur, which means that there is likely coupling between the high-frequency bend and low-frequency tunneling. It should also be noted that the motion of the donor bend lies along the pathway of the bifurcation tunneling, meaning that coupling between the donor bend and the bifurcation tunneling is likely occurring as well. In addition to the strong bands reported above, we have also seen features that we assign as bands arising from the A 2 − , E 2 − , and B 2 − tunneling levels for both the K a = 1 ← 0 and K a = 2 ← 1 bands. Because the statistical weights of these levels are much lower than the A 1 + /E 1 + /B 1 + levels (with the exception of the E 2 − level) the absorption bands are much weaker. We have only been able to observe the Q-branches of these levels, which are shown in Figures 9 and 10 for the K a = 1 ← 0 and K a = 2 ← 1 bands, respectively, alongside the stronger Q-branches of the A 1 + /E 1 + /B 1 + levels. Though the figures show only the spectra from Ar expansions, the features are also observed in He expansions. Because the bands are much weaker, we have not been able to identify R-branch transitions associated with the observed Q-branches. For the K a = 1 ← 0 band, the separation between these Q-branches is ∼2.4 cm
, and for the K a = 2 ← 1 band, the separation is ∼0.9 cm . A summary of the frequency positions of the bands we have reported is presented in Table 1 .
■ DISCUSSION
From the spectra and assignments presented above, we can calculate the gas-phase frequency of the donor bend and compare it to previous experiments and theoretical predictions. As noted above, the spacing between Q-branches of adjacent sub-bands of a near-prolate top are separated by ∼2(A′ − B′), which is ∼8 cm −1 for (D 2 O) 2 . The band center for the vibrational band lies midway between the K a = 1 ← 0 and K a = 0 ← 1 sub-bands, so the band center is ∼4 cm −1 to the red of the K a = 1 ← 0 band. To attempt to estimate the band center without the influence of the acceptor switching tunneling, we 25 produce a value in very good agreement with the gas phase spectra recorded here. Previous studies in various matrices consistently measured values that are higher in frequency than the gas phase value reported here. This is the opposite effect of what is seen with the (D 2 O) 2 stretching modes, where the matrix values are consistently lower in frequency than the gas phase values measured by cavity ringdown spectroscopy. 26 The magnitude of the matrix shift is also greater by about a factor of 2 for the stretches as compared to the bending modes considered here. The difference between the gas phase and matrix data is likely due to a combination of perturbations from the matrix on (D 2 O) 2 and the lack of rotational resolution making it difficult to assign the true band center. The DFT calculations performed by Ceponkus et al. 36 in connection with their p-H 2 matrix work produced a value significantly lower in frequency than the gas phase value we report.
It is interesting to note that the band center for the donor bending mode lies just below the recently measured dissociation energy (D 0 ) of (D 2 O) 2 reported by Ch'ng et al. 47 Ch'ng et al. used velocity map imaging to determine D 0 to be 1244 ± 10 cm −1 , which is in excellent agreement with theoretical calculations by Czakóet al., who determined D 0 to be 1244 ± 5 cm −1 . 48 The fact that the bending modes of (D 2 O) 2 lie below D 0 explains why the rotational-tunneling levels are well-resolved in the present experiment, instead of being broadened, as appears to be the case for the bending modes of (H 2 O) 2 . 30 Because the band center of the donor bending mode only lies ∼60 cm −1 below the dissociation energy, it may be possible to measure a more precise dissociation energy by observing combination bands of the bending modes of (D 2 O) 2 with low-lying intramolecular vibrations.
The separation between the A 42 instead of being reversed, as in the case of the acceptor antisymmetric stretch. 21, 22 The energy levels are depicted in Figure 11 , with arrows indicating the bands observed in the current study. As can be seen in the figure, the 2. ) for this splitting in the ground state K a = 0 level, as estimated by Paul et al., 22 we calculate the excited state splitting for the K a = 1 level to be ∼0.6 cm − tunneling levels provides the difference of the acceptor switching tunneling splittings for the ground state K a = 1 level and the excited state K a = 2 level. If we again use the estimate of Paul et al. of 17 GHz for the splitting in the ground state K a = 1 level, the splitting for the excited state K a = 2 level is calculated to be 1.5 cm −1 , or 44 GHz. This is again similar to the value of 42 GHz estimated by Paul et al. for the ground state K a = 2 level. These results indicate that excitation of the donor bend does not have a significant effect on the acceptor switching tunneling. This is unsurprising, considering that the bending motion of the hydrogen bond donor would be unlikely to affect the tunneling motion of the hydrogen bond acceptor. In contrast, excitation of the donor bend appears to have a significant effect on the interchange and bifurcation tunneling motions, as noted previously. It would be quite interesting to observe additional sub-bands of the donor bend, as well as to observe the acceptor bend, but these bands lie outside the current frequency range of our spectrometer. On the basis of our observations, the average of the A . This new laser should make it possible to observe the additional subbands of the donor bend and the acceptor bend once it is completely integrated into our spectrometer. It would be especially interesting to observe the effect of excitation of the acceptor bend on the acceptor switching tunneling splittings.
■ CONCLUSIONS
We have reported the first rotationally resolved spectra of the bending mode of the hydrogen bond donor of water dimer. Two ΔK a = +1 bands were observed, and additional bands are almost certainly present, but outside the frequency coverage of our spectrometer. Both components of the acceptor switching tunneling doublet were observed for each band, which allowed us to estimate the acceptor switching tunneling splittings in the donor bend excited state on the basis of the previous estimates of the ground state splittings. We found that excitation of the donor bend has little effect on the acceptor switching tunneling. We have also determined the band center of the donor bend to be 1182.2 cm , which is in good agreement with previous theoretical predictions. Excitation of the donor bend does have a significant effect on the interchange tunneling, which made it difficult for us to obtain a detailed assignment of the individual tunneling components arising from this tunneling. The acceptor bend and additional bands of the donor bend should be easily observable using a light source with broader frequency tuning, which will allow additional insight into this fascinating molecular system.
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